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ABSTRACT

Question: Is there a general method for applying an analysis of variance (ANOVA) to phylo-
genetic data sets that allows for the incorporation of any assumption of evolutionary model?

Mathematical method: I describe a method that enables the calculation of means and
variances of the traits of monophyletically related species. These means and variances
are calculated using evolutionary rates derived from estimated nodal values and can
thus incorporate any assumption of evolutionary model. Furthermore, calculations of
phylogenetically corrected mean squares are described through a worked example to show how
these can be implemented into a complete-blocks ANOVA.

Key assumptions: The assumptions of this method are, as for all comparable methods, that
the phylogeny is known without error and that estimated nodal values are correct. Since the
method can utilize nodal values using any evolutionary model, the latter assumption can to a
degree be circumvented.

Conclusions: I compare the presented method to alternative tests conceptually, but also using
an idealized example and an example derived from the real world, to show the utility of the
approach described herein.

Keywords: analysis of variance, comparative methods, independent contrasts, phylogenies.

INTRODUCTION

One of the most commonly used statistical methods in the biological sciences is the analysis
of variance (ANOVA). The aim of this paper is to provide a general method — general in the
sense that it is applicable regardless of any assumption of evolutionary model — of how
to make phylogenetic adjustments of means and variances so that they can be used in
an ANOVA. A typical case where a phylogenetic ANOVA could be applied is where
a categorical trait is thought to exert a selective influence on a continuous trait. The
hypothesis to be tested would then be that species having one state of the categorical trait
should have a differing mean of the continuous trait compared with species having another

state of the categorical trait.
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Several phylogenetic comparative methods are available, many of which are aimed at
making phylogenetically correct regression or correlation analyses between two or more
continuous variables (eg. Felsenstein, 1985; Grafen, 1989; Pagel, 1998), or, conversely, analysing the
evolutionary relationships between two discrete characters (eg. Ridley, 1983; Maddison, 1990; Pagel,
1994). However, quite a few methods have also been proposed to deal with the relationship
between one discrete and one or several continuous variables (Stearns, 1983; Grafen, 1989; Moller
and Birkhead, 1992; Wickman, 1992; Garland et al., 1993; Purvis and Rambaut, 1995; Hansen and Martins, 1996; Martins
and Hansen, 1997; Lindenfors and Tullberg, 1998; Pagel, 1998; Butler et al., 2000; Butler and King, 2004). For example,
an early method developed by Stearns (1983) removed variation that could be attributed
to a certain level of phylogenetic (or taxonomic) relatedness in preparation for a normal
ANOVA. This method, however, assumed statistical independence at all phylogenetic levels
above those removed and also removed variation that needed to be explained (Harvey and
Pagel, 1991).

Of the other methods available, some pair comparisons by matching clades differing in
the categorical trait (Meller and Birkhead, 1992; Wickman, 1992; Purvis and Rambaut, 1995), while others do
not pair, but instead group clades sharing the same categorical trait (Grafen, 1989; Garland et al., 1993;
Hansen and Martins, 1996; Martins and Hansen, 1997; Lindenfors and Tullberg, 1998; Pagel, 1998; Butler et al., 2000; Butler and
King, 2004).

The simplest solution proposed uses matched pairs comparisons (Meller and Birkhead,
1992; Wickman, 1992), where related species, or clades, that differ in the categorical variable
are compared with each other in pairs. This method analyses if there is a consistent
difference in the continuous variable that can be attributed to some evolutionary process
connected with the categorical variable. The method of matched pairs comparisons works
fine as long as single species are compared with each other. When whole clades are
compared, however, the values of the continuous variables of all species included in a clade
are commonly averaged without any regard to phylogenetic history. This introduces an error
due to phylogeny, since a clade of species shares a common evolutionary history. Thus, the
same variation is used several times when calculating the mean. To solve this problem, novel
methods for calculating phylogenetically correct means and variances in a phylogeny are
presented here (see also, for example, Garland e al., 1999). There is a useful insight contained in regular
matched pairs comparisons, however, in that the method realizes and utilizes the usefulness
of pairing species differing in the categorical trait being analysed, thus making use of the
fact that these species have a common starting point that is not only similar, but identical.

The Brunch-approach implemented in the computer program CAIC (Purvis and Rambaut, 1995)
solves the problem of matched pairs comparisons — that the means being compared are
calculated without regard to phylogeny — by instead comparing estimated ancestral
nodal values arrived at with the method used for carrying out independent contrasts
analysis (Felsenstein, 1985). The nodal values of independent contrasts analysis are, however,
aimed at removing variation already used, not at producing clade-specific means. Also,
when using the Brunch algorithm, the removed variation — that above the utilized nodal
values — is not used for hypothesis testing, but only lost.

Several approaches do not pair clades (Grafen, 1989; Garland er al, 1993; Hansen and Martins, 1996;
Martins and Hansen, 1997; Lindenfors and Tullberg, 1998; Pagel, 1998; Butler et al., 2000; Butler and King, 2004). The
method of Garland er al. (1993) produces null distributions of F-statistics via computer
simulations of evolution over a ‘known’ phylogenetic tree (the tree that is used for hypoth-
esis testing). These simulations assume a specific model of evolution, but even so, computer
simulations have shown that phylogenetic tests are relatively robust to such assumptions
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of evolutionary models (Martins and Garland, 1991; Diaz-Uriarte and Garland, 1996, 1998; Garland and
Diaz-Uriarte, 1999). The method presented here does not utilize computer simulations, but instead
adjusts the data for phylogeny to enable the use of regular F-distributions.

Lindenfors and Tullberg’s (1998) ‘common origins test’ uses parsimonious reconstructions
of both the categorical and the continuous character and then tests if changes in the
categorical factor have induced changes in the continuous character. The method works by
summing changes in the continuous character and then analysing whether such sums of
changes differ between groups of clades, the clades having been grouped on the basis of the
state of the categorical character. It assumes that branch lengths have no influence on
character evolution and that a valid data point is one given by a clade’s summed character
change after a transition in the categorical variable.

There are also a number of methods based on a generalized least squares (GLS) approach
(Grafen, 1989; Hansen and Martins, 1996; Martins and Hansen, 1997; Pagel, 1998; Butler e al., 2000; Blackburn and Duncan,
2001; Butler and King, 2004). The methods differ in the details, but share the quality that they use
all of the information contained in the tree for computation, thus also including informa-
tion not pertaining to the hypothesis being tested. To illustrate the problems this brings with
it, analyses of the Hominoidea using the algorithms specified by Grafen (1989) and Pagel (1998)
are presented here, testing whether relative testes mass is correlated with the lack of body
fur [Fig. 1; data on relative testes weight from Harcourt et al. (1981)]. Since humans are the
only species in this group that lack body fur, and since the chimpanzees are the only species
in the group that have exceptionally large testes, a significant relationship indicating a
correlation between the two would be surprising, and the GLS-approaches indicate no such
relationship (Grafen’s method, P =0.374; Pagel’s method, P =0.244).

However, if one adds an outgroup with the typical characteristics of a gibbon (which
is a true outgroup), the P-value falls. As one keeps adding outgroups with the same
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Species Body fur weight
Homo sapiens No 0.06
Pan troglodytes Yes 027 e
Gorilla gorilla Yes 0.02 i
Pongo pygmaeus | Yes 0.05 a
Outgroup 1 Yes 0.1
Outgroup 2 Yes 0.1
efc.
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Number of outgroups added

Fig. 1. The phylogeny of the Pongidae with data on body fur and relative testes weight. When the
GLS-methods of Grafen (1989) and Pagel (1998) are applied to these data, the P-values indicating a
relationship between the two variables decreases as outgroups are added. A significant relationship
(P <0.05) is observed when seven (Grafen’s method — dashed line) or eight (Pagel’s method — solid
line) outgroups or more are included in the analysis. This is despite the fact that only humans lack
body fur and only chimpanzees have exceptionally large testes. Tests utilizing Grafen’s (1989) GLS
approach were carried out using the MULREG module in NTSYSpc (Rohlf, 2000), while tests using
Pagel’s GLS approach were carried out in the program Continuous (Pagel, 2000).
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characteristics, a significant relationship between body fur and relative testes size is eventu-
ally found at seven outgroups or more (Fig. 1). This somewhat disturbing result relating
the evolution of one character in one species with another character in another species
occurs because this type of approach partitions variation belonging in one section of the
tree over the whole tree and also incorporates information not pertaining to the hypothesis
into the statistical test. Even though both exceptionally large testes and a lack of body fur
are unique to two separate species in the sample phylogeny, GLS and other maximum
likelihood-like approaches, in assuming some rate of change — for example, Brownian
motion or an Ornstein-Uhlenbeck process — for all characters, obtain results indicating a
gradual evolution of these characters from the last common ancestor of chimpanzees and
humans down through the whole clade. Note that no assumptions of the GLS-models have
been broken in this example.

It should be pointed out that the same type of results can be arrived at for two continuous
characters using independent contrasts analysis (Felsenstein, 1985). For example, body size and
litter size have been shown to be significantly correlated in haplorhine primates (Lindenfors,
2002), even though all haplorhines have a litter size of one except for most small callitrichids
who regularly give birth to twins. Thus, the most probable number of changes in litter size is
a single switch from single-birth to twinning in the callitrichid clade (An-King and Tullberg, 2000),
giving a ‘real’ sample size of one for analyses of litter size evolution in haplorhine primates.
This twinning is, however, ‘smeared” down the phylogeny together with the small body size
of the callitrichids and thus a significant result is obtained. Hence, one has to be careful not
to unintentionally inflate sample sizes when using maximum likelihood-like methods. This is
a well-known problem that has previously been described in the context of squared change
parsimony reconstructions of ancestral states (e.g. Losos, 1990; Maddison and Maddison, 1992; Butler and
Losos, 1997), which is a method similar to those based on maximum likelihood that assume a
Brownian motion model of character evolution (Huey and Bennet, 1987).

To carry out phylogenetically correct statistics on comparative materials, one needs to
in some way account for phylogenetic relatedness. For this purpose, some methods try to
estimate values of internal nodes by using some algorithm that requires, for example, least
change per tree (e.g. maximum parsimony methods) or least change per branch length unit
(e.g. maximum likelihood methods). These nodal values can then be used in correcting for
phylogenetic relatedness. Alternatively, there are methods that claim not to reconstruct
ancestral states, but where the algorithm nevertheless either assigns values to internal nodes
in the process (Felsenstein, 1985) or where internal node states can be assigned utilizing the
same algorithm as that used in the statistical analysis (e.g. Martins and Hansen, 1997; Pagel, 1998).
However, whether the nodal estimates are termed ‘reconstructed ancestral states’ or are only
a by-product of a statistical algorithm does not matter — they can still be utilized to calculate
phylogenetically correct means of monophyletically related species as described below.

Studies comparing different methods to estimate nodal values reinforce theoretical
expectations, simultaneously pointing out that many current methods do not work all that
well (e.g. Frumhoff and Reeve, 1994; Butler and Losos, 1997; Cunningham et al., 1998; Oakley and Cunningham, 2000; Polly,
2001; Webster and Purvis, 2002). The method presented here uses values assigned to internal nodes
of the phylogeny, but the manner of assigning these nodal values is not central to the
functioning of the model. On the contrary, the method aims at being generally useable no
matter what algorithm is used to assign nodal values.

Computer simulations have shown that phylogenetic tests are relatively robust to assump-
tions of evolutionary models (Martins and Garland, 1991; Diaz-Uriarte and Garland, 1996, 1998; Garland and
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Diaz-Uriarte, 1999), but depending on the evolutionary model and on the inclusion/exclusion
of species exhibiting different character states, one can nevertheless reach very different
conclusions (eg. Schluter er al, 1997). Herein lies one potential utility of a general method
enabling the use of alternative evolutionary models. The method of calculating means and
variances presented here can be carried out using nodal values estimated in any manner —
the method is equally applicable to any model of trait change. To illustrate the method, I use
a worked example where nodal values are assigned using maximum parsimony, whereas for
a real-world example of the effects of sexual selection on primate size, I use Felsenstein’s
(1985) independent contrasts to assign nodal values for body size in the primate phylogeny.
The nodal values of the categorical variables are assigned using maximum parsimony in
both examples. As others have remarked previously, however, the ‘choice of estimation

method . .. should depend on the available information and the preferences of the indi-
vidual researcher’ (Martins and Hansen, 1997, p. 659).

THE PROBLEM

Consider 26 species, Species A to Species Z, related according to the phylogeny in Figs. 2
and 3. These species are characterized by two characters: one categorical character, Colour,
that can take two states, Black and Grey, as shown in Fig. 2; and one continuous character,

Number, which varies freely, as shown in Fig. 3. The sample phylogeny also includes
information on branch lengths as given in Fig. 2.

The hypothesis to be tested is whether the Black and Grey species differ consistently in the
continuous character Number. A non-phylogenetic approach would be simply to pool all
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Fig. 2. A sample phylogeny of 26 species (Species A to Species Z) also showing parsimoniously
assigned nodal estimates of the categorical character Colour that can take two states: Black and

Grey. The letters A—H within the phylogeny denote sub-clades referred to in the text. The ages of
representative nodes are indicated.
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Fig. 3. Least absolute distance parsimonious nodal estimates of the continuous character Number.

Note that in comparison with Fig. 2, the occurrence of the categorical character state Black seems to
be correlated with an increase in the continuous character.

Black species together in one group and all Grey species together in another and then
compare the means of these two groups using an ordinary ANOVA approach. If one looks
carefully at the phylogeny, however, it becomes obvious that this is not a phylogenetically
correct grouping. The real number of groups to use in the analysis is not two, but eight —
if one uses the possibility to pair clades in matched pairs (Meller and Birkhead, 1992; Wickman,
1992) — separated into four comparisons. These are here given by the number of parsimoniously
reconstructed evolutionary events in the categorical trait Colour. Thus, a paired z-test could
solve the problem, but the question then becomes what mean values should represent
each clade in such a comparison. Also, what if there is more than one state of the cate-
gorical variable? What is needed is a general ANOVA-type method that is adjusted for
phylogeny.

From the sample phylogeny (Figs. 2 and 3), it seems as if evolution has mimicked an
experimental set-up (Table 1). Four groups of species have undergone something akin to a
‘treatment’, which is a transition from Grey to Black. Another four groups of species are
‘control groups’. That is, they have the same initial conditions as the ‘treatment’ species,
but are not subject to any ‘treatment’. Instead, they remain in the Grey state. Note that
each clade in the phylogeny that has the character state Black has a corresponding clade
with the character state Grey that shares exactly the same initial conditions since they were
the same species before the ‘experiment’ started. It is this realization that has prompted
the development of matched pairs comparisons (Meller and Birkhead, 1992; Wickman, 1992) and
the Brunch algorithm implemented in CAIC (Purvis and Rambaut, 1995). The experimental design
analogy makes it clear that the set-up is a blocked two-way mixed-model ANOVA with
replication, as shown in Table 2 [a pattern also pointed out by Purvis and Webster (1999)].
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Table 1. The experimental set-up as indicated by the phylogenies in Figs. 2 and 3

N 0,

N X 0,

Note: The initial state of the continuous variable for Grey and the Black species is represented by exactly the same
initial value, N, since both groups, in every case, share the same common ancestor. The treatment X 'is a switch from
Grey to Black, and the observations we can make of extant species’ characters are represented by O, and O,.

Table 2. Table of comparisons from the phylogeny in Fig. 2

‘Control’ ‘Treatment’

Blocks (Grey) (Black)

1 Species A Species D
Species B — Clade A Species E — Clade B
Species C Species F

2 Species G Species J
Species H — Clade C Species K — Clade D
Species I Species L

3 Species O Species R
Species P — Clade E SpeciesS  — Clade F
Species Q Species T

4 Species U Species X
Species V. — Clade G Species Y — Clade H
Species W Species Z

Note: This is a regular set-up for a blocked two-way mixed-model ANOVA
(with or without replication).

From Table 2 it can be deduced that there are three levels of variation available:

1. Between characters: The ‘experimental’ grouping (‘treatment’ vs. ‘control’) variation that
can be used to test the impact of the character Colour.

2. Between comparisons: Represents the block level and is random variation concerning the
hypothesis, but may be interesting when testing, for example, grade-shifts between differ-
ent sections of the phylogeny.

3. Interaction between comparisons and characters: This level of variation constitutes the
error term if only the above two levels of variation are taken into account. It can,
however, be used as a regular interaction term if the approach including replicates (see
below) is used for the analysis.

These three levels of variation would be used in a typical phylogenetic ANOVA analysis.
One more level of variation, however, can be included under exceptional conditions:
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4. Between species within groups: This level of variation — the replicates — can also be
included if this type of data exists (that is, if there are several species of equal numbers
in each clade), as is the case in the presented example. For the purpose of showing
how to include this level in the analyses, the example given is highly simplified and
balanced. Note, however, that this is absolutely not a prerequisite for the general model
presented here.

Phylogenetic comparisons conducted in this manner can always be represented as a
complete-blocks design.

PHYLOGENETICALLY CORRECT CALCULATIONS OF MEANS AND VARIANCES

Having data derived through a phylogeny introduces two statistical problems that do not
occur in an ordinary ANOVA:

1. How does one compute a phylogenetically correct mean?
2. How does one compute a phylogenetically correct variance?

To demonstrate such a method, let us examine a selected section of the sample phylogeny
(Fig. 4). This section consists of the part of the phylogeny illustrating the relatedness of
Species O to T — that is, Clades E and F (Table 2). A phylogeny such as this can be
represented in a time < continuous character scatter plot as in Fig. 4, which illustrates how
the continuous character has evolved over time.

A
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T+ Species O
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5 67T Species P

<

2

S 5 Species Q

]

= .

E 4 T Species T

=

9] .

O 3T Species S
2T Species R
1+
0 t t t t t >

5 4 3 2 1 0

“Time”

Fig. 4. The phylogenetic relationship between Species O to T (Clades E and F) plotted in a scatter plot
where the y-axis denotes the continuous character and the x-axis denotes branch length. Time 0
indicates today. A rate of change, rp, is easily calculated by dividing the change in the continuous
character, AC,p, with the branch length, 7,p,. The rates for all branches can be calculated using the
same method.
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For illustrative purposes — and since the method is explained graphically — the termin-
ology used here is that mainly appropriate for reconstructed ancestral states. This is for ease
of comprehension only, however, and should not be taken as indicating that the method is
only appropriate for methods claiming to reconstruct ancestral states. On the contrary, the
method can be used with nodal values estimated using any assumption of evolutionary
model.

As can be seen in Fig. 4, the continuous character is estimated to have increased over time
in the Black section of the phylogeny, while it has decreased over time in the Grey section.
If one were to calculate the mean of Species R, S, and T (Clade F) as one usually does,
however, it would include variation from one common event three times: the first decrease,
and on two occasions the variation from the time before Species R and S had speciated. The
same problem, of course, applies to Species O, P, and Q (Clade E). This type of problem is
the rationale behind all phylogenetic methods, and the same reasoning should also hold true
for mean and variance estimates as calculated from species’ values.

The phylogeny plotted in Fig. 4 represents a set of trajectories of a continuous character
through time. There is a certain rate of change that makes it possible to make a state-
ment such as ‘the continuous character Number has increased over time’. Evolutionary
rates can also be calculated with, for example, maximum likelihood (eg. Lynch, 1991) or GLS
(Martins and Hansen, 1997; Pagel, 1998) methods, but it is also possible to calculate such rates using
parsimoniously estimated nodal values — or indeed any nodal values assigned using any
available method — as shown below.

In Fig. 4, the information required to calculate the rate is illustrated for the branch
leading to the last common ancestor of Species O and P in the sample. By dividing the
branch-specific change for the continuous character, AC,p, with the branch length, ¢, one
arrives at a rate of change, rp, for this specific branch. Or, more generally:

Using the same reasoning, a clade-typical rate of change, R, can be calculated by dividing
the sum of changes of the continuous variable along the ¢ branches with the sum of branch
lengths in the clade one is examining:

q
> Ac,
_ i=1

Rl

q

2t

i=1

Note that this formula assumes that all branches contain equal amounts of information on
the evolutionary rate in the clade. Thus, for example, rapid speciation after an initial change
in a character, where the new species do not change, will ‘dilute’ the rate. To circumvent this
problem, a solution implemented in a comparable method to the one presented here — the
common origins test (Lindenfors and Tullberg, 1998) — can be used. With this method, to arrive at a
clade-specific rate the rates of all branches in the clade are instead summed. Since the
evolution of a character not under selection can be assumed to proceed by Brownian
motion (Felsenstein, 1985) — assuming rates of change that on average will sum to zero — rapid
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speciation will then not ‘unduly’ influence a sum. In general, however, it is a better
assumption that all branches contribute equally to the clade-specific rate than to ignore
information from the onset.

The information contained in the branches is now summed together as vectors (Fig. 5).
This sum of vectors is the sum of all evolutionary trajectories of the continuous variable
Number in the subset of the sample phylogeny. If one were to attach this summed trend line
to the starting point of the sub-clade, s,,4, the phylogenetically correct mean is where the
trend line intersects with the present time, ?,,,. This intersection is the point where a
hypothetical species with the clade-typical rate of change would end up, on average, given
the starting value of the continuous variable Number in the sub-clade examined. Observe
that the starting point, s, always will be the same value for two sub-clades being com-
pared, since this value represents their last common ancestor:

Y= R : lclade + Sclade

A clade average as described here will thus depend on four things: (1) the phylogenetic
topology, (2) the clade-typical rate of change, (3) the age of the clade, and (4) the estimated
value of the most basal node of the clade. Thus, clade averages will be different between
clades consisting of species with identical values of the continuous character if their
relatedness, evolutionary rates of change, ages, or starting points differ. Hence, a clade-
specific average will not be a ‘true’ average in the sense that it is an observed average of all
observed species, but it will be an average including history in the equations — which is
necessary if one wants to make a historical analysis.

g +

Sclade

Continuous character
N

37 |

I

I

2 T I

I
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5 4 3 2 1 0 +1 42 43
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Fig. 5. Using the sample part of the phylogeny representing Clades E and F (Species O to T), this
graph shows the trajectories represented by all individual branches, as indicated by the Black
(Clade E) and Grey (Clade F) arrows. Time 0 indicates today. The long thin black arrows illustrate the
clade-typical trajectories, R. The true means of the sub-phylogenies (¥ and Y,), where each branch is
included in the calculations only once, is indicated by the intersections of the clade-typical trajectories
(starting at s,,,,) and 7.,,, Which is the age of the clades — that is, the time from the last speciation
common to all species and Time 0. See the text on how to calculate these entities.
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Using a similar approach as when computing the mean, one can arrive at a clade-typical
variance within a clade. It is not possible, however, to only subtract each species’ value of
the character Number from the clade-typical mean, as is the common procedure when
calculating the variance statistic, because this would include the same variation several
times in the calculations. Instead, the vector approach can be used again to determine how
much each individual branch’s end-point, O,, differs from an end-point, E,, as expected
from the clade-typical rate of change. R is in each case the clade-typical rate of change for
the species investigated:

E,— 0,=R-t,— AC,

To arrive at the proper variance one cannot, however, simply take the sum of these
deviations squared, divided by the number of deviations minus one, as is normally
done; this is because the degrees of freedom are limited by the original number of data
points, which in this case is the number of species in the investigated sub-clade. The proper
variance is instead the sum of the squared deviations divided by the number of species, #,
minus one:

q
D (E-0)
_ i=1

n-—1

14

Note that the variance arrived at using this formula is independent of the influence
of ?,,.4» meaning that the method for calculating variances presented here is useable even
when the matched pairs are of unequal ages (e.g. if the age of Clades A and B are different
from the age of Clades C and D). Using the formulas given above, one can arrive at
means and variances for all clades in the example. Note that 7., is 5 in all cases and that
Species N and Species M are not included in the analysis as they lack matching species (or
clades) to be paired with. This is an intentional effect of using pairs of species, or clades,
since Species N and Species M are not part of the inferred ‘experimental set-up’. To use
them would be to deviate from the powerful utility of all pairs having the exact same
starting point.

Now that there is no phylogenetic influence on the means and the variances, the
phylogenetically corrected values can be represented graphically, as shown in Fig. 6.

THE ANOVA CONTINUED

The data of the sample phylogeny plus the calculated means are given in Table 3. The
notation in the section that follows is that of Sokal and Rohlf (1995). The phylogenetic
ANOVA design is a complete-blocks ANOVA, carried out here both with and without
replication, where calculations of means are performed as follows:

» The subgroup means, Y, are calculated as described above and are thus phylogenetically
adjusted.

* The ‘treatment’ (column) means, C, are calculated by averaging the subgroup means (Y)
within each ‘treatment’.

* The comparison (row, block) means, R, are calculated by averaging the subgroup means
(Y) within each comparison.
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Fig. 6. Phylogenetically correct means and standard deviations as calculated for Clade E (Species O
to Q) and Clade F (Species R to T).

+ The grand mean, Y, is calculated by averaging all subgroup means (Y). Note that this is
not the grand mean of the phylogeny itself, but the grand mean of the sub-clades used in
the ANOVA. A grand mean of the total phylogeny can instead be calculated using the
method of calculating clade-means described above, but applied to the whole phylogeny.
Such a grand mean could be of utility when, for example, placing a phylogenetically
correct regression line back in the original data-space.

The next step is to calculate the four entities below, where r is the number of blocks (in
this case four because there are four independent comparisons of Black and Grey groups),
¢ 1s the number of discrete characters (in this case two: Black and Grey), and n is the number
of data-points (in this case three, as there are three species in each group). Note that the
formula given at point 4 is only valid if an equal number of species (n) are included in the
comparisons in all cases. This will not be true for most analyses, in which case this entity can
be left out completely or calculated with formulas adjusted for unbalanced designs. If this
level of variation is dropped, n will be equal to one and the design will reduce to a complete-
blocks mixed-model ANOVA without replication, which would also make calculations of
phylogenetic variances redundant. The ANOVA is mixed-model, since the effect of the
‘treatments’ has an expected direction, while the effect of the ‘blocks’ level is expected to be
random.

1. SSeptumm = > (T — V) =58.594

2. 8S,p= > en(R- ¥)*=39.211
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Table 3. Data table with phylogenetically adjusted means given

“Treatment’ (¢)

(column)

Comparisons (r) Comparison
(block = row) Black Grey means R
1 1 1

5 2

3 3
Subgroup means ¥ 3.000 1.750 2.375
2 7 1

6 3

5 5
Subgroup means ¥ 6.250 2.500 4.375
3 7 2

6 3

5 4
Subgroup means ¥ 6.250 3.125 4.688
4 10 3

9 4

8 5
Subgroup means ¥ 8.125 3.750 5.938
‘Treatment’ means C 5.906 2.781
Grand mean Y 4.344

Note: Explanations of how to calculate these means are given in the text.

3. SS;

4. S, = Z D (E-0)*=29.000

weraction = >, > (¥ = R= T+ ¥)'=8.203

For an unbalanced design, which is what most researchers will encounter, no agreement
exists on how to calculate the error mean square, but three disparate views exist on how to
proceed (Quinn and Keough, 2002). In such a case, however, note that the same result is arrived at
for the ‘treatment’ term if a full complete-blocks mixed-model ANOVA with replication
is carried out, as if the same calculations are done without replication (Tables 4 and 6,
respectively). This is because the denominator for the F-ratio in both cases is the interaction
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Table 4. Results table for the phylogenetic ANOVA incorporating subgroup variation

Source of

variation d.f. SS MS F, P
c-r c-1=1 58.594 58.594 MSeoums 51 459 0019
(CO1umns) MSinreraction

R-Y r—1=3 39.211 13.070 MSrons =7.211 0.003
(I‘OWS) M Serrar

’,/_R_.CJF Y (r=D(c=1)=3 8.203 2.734 MSineracion _ 1.509 0.250
(interaction) MS, o

y-r re(n—1)=16 29.000 1.813

(error)

Note: The difference between the colours (‘Black’ and ‘Grey’) in the given example is significant, as is the difference
between the ‘blocks’ (rows), in a real analysis possibly indicating a grade-shift. The F-ratio for the ‘treatment’ term
(Colour) is calculated using the interaction term in the denominator because the blocking factor is a random factor
(Quinn and Keough, 2002).

Table 5. Results table for the phylogenetic ANOVA incorporating subgroup variation and pooling the
interaction term with the error term

Source of
variation d.f. SS MS F, P
C-Y M
¢ c—-1=1 58.594  58.594 Scotunns =29.924 0.00003
(Columns) MSerror + MSimeractian
R-Y MS, s
r—1=3 39.211 13.070 Stows =6.675 0.003
(rOWS) MSermr + MSinteractian
Y-R-C+7Y
- r=1(c-1)
tY-Y +re(n—-1)= 37203 1958
(interaction 19
+ error)

Note: The difference between the colours (‘Black’ and ‘Grey’) is significant, as is the difference between the ‘blocks’
(rows), in a real analysis possibly indicating a grade-shift.

mean squares, and both the enumerator and denominator for the F-ratio reduce by the same
factor, n, being the number of replicates. Thus, in the highly likely case that the design is
unbalanced, the replicates can be ignored. If the replicate level is dropped, however, the
possibility to test for an interaction effect is lost, as is power when testing for a block effect.

The ANOVA method outlined here is readily extended to situations where the categorical
character can take more states than two, or if an analysis of covariance is the desired
analysis. The formulas to be used are available in any standard statistics text (e.g. Sokal and Rohlf,
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Table 6. Results table for the phylogenetic ANOVA not incorporating subgroup variation

Source of

variation d.f. SS MS F, P
c-r c—1=1 19.531 19.531 MScotumns =21.429 0.019
(COlumns) MSimeraction

R-Y r—1=3 13.070 4.357 _MSipus =4.780 0.116
(rOWS) M S interaction

I,/_R_,CJF Y (r=D(c=1)=3 2.734 0911

(interaction)

Note: The difference between the colours (‘Black’ and ‘Grey’) is significant. In comparison with Table 5, the
inclusion/exclusion of subgroup variation does not influence the results for the ‘treatment’ term as both the
enumerator and the denominator for the F-ratio reduce by the same term, n. For the blocking term, however,
statistical power is reduced.

1995; Quinn and Keough, 2002), while the phylogenetic adjustments are those as described in
this paper.

As can be seen in the sample ANOVA tables (Tables 4, 5, and 6), the conclusion regarding
the ‘treatment’ effect is the same whether the replicates are included in the calculations
or not. When the ANOVA is carried out with replication but the interaction term is
non-significant, however, the interaction mean squares can be pooled with the error mean
squares for the testing of significance and hence increase the power of the test (Table 5).

COMPARISONS WITH OTHER TESTS

As reviewed in the Introduction, a number of other tests already exist to handle the same
set-up as the phylogenetic ANOVA is designed to analyse. This section briefly compares and
discusses similarities and differences in the results that some of these alternative tests
provide. As pointed out in the Introduction, these alternative tests differ among each other
on one central point, which is whether they use the possibility to pair sub-phylogenies and
thus construct a blocked ANOVA design, or if they instead just construct a regular one-way
ANOVA design. The phylogenetically adjusted means and variances presented here can be
used for both purposes. When the data come sorted in phylogenetic comparisons, however,
this makes the possibility for a paired grouping obvious. It is a waste of statistical power not
to use it.

For the sake of comparison, however, the comparisons with the alternative tests will
be made both using the possibility to construct matched pairs, as described in the example
above, and without using this possibility (Table 7). Tests using the pairing option include
matched pairs comparisons (Meller and Birkhead, 1992; Wickman, 1992) and the Brunch-option
in CAIC (Purvis and Rambaut, 1995), while tests not using this option include the GLS tests
(Grafen, 1989; Pagel, 1998) and Garland and colleagues’ (1993) simulation approach. These tests are
compared to the phylogenetic ANOVA presented here, as well as a regular (species-level)
ANOVA.

As can be seen in Table 7, all tests agree on the effect of the ‘treatment’ variable in
the given example, with the exception of CAIC which gives a result that is nearly significant.
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Table 7. Comparisons of the results of different alternative tests on the given example

Test Factor F-ratio P
(1) Phylogenetic ANOVA (with replication) Colour 21.429 0.019
Block 7.211 0.003

Interaction 1.509 0.250

Blocked mixed-model ANOVA (with replication, Colour 13.500 0.035

but without phylogenetic corrections) Block 9.143 0.001

Interaction 2.286 0.118

(2) Phylogenetic ANOVA (with replication and pooled error Colour 29.924 0.00003
term) Block 4.780 0.003
Blocked mixed-model ANOVA (with replication and Colour 13.500  0.00007
pooled error term, but without phylogenetic corrections) Block 4.000 0.002

(3) Phylogenetic ANOVA (without replication) Colour 21.429 0.019

Block 4780  0.116
Blocked mixed-model ANOVA (without replication and Colour 13.500 0.035
phylogenetic corrections) Block 4.000 0.142
Matched pairs comparisons (Meller and Birkhead, 1992; Colour 13.500 0.035
Wickman, 1992)
Brunch in CAIC (Purvis and Rambaut, 1995) Colour 8.643 0.061

(4) Phylogenetic ANOVA (with replication, but without ? 11.124 0.00005
blocking)

One-way ANOVA (with replication, but without blocking) ? 11.511 0.00004
Generalized least squares (GLS) (Grafen, 1989) Colour 4.029 0.056
Generalized least squares (GLS) (Pagel, 1998) Colour (2.018)* 0.045
Simulation approach (Garland et al., 1993) ? 11.511 0.0401

* Ln likelihood ratio that is compared with a y’-distribution.
T The relationship between the F-ratio and P-value is adjusted via simulations for this test.

Note: The tests are grouped into four groups depending on how the data are utilized: (1) with replicates included,
(2) with replicates included and a pooled error term, (3) with replicates excluded, and (4) without using the option
to pair clades differing in the categorical variable (see text for further explanations). For the tests with a question
mark in the factor column, the significant result does not indicate an influence of the variable Colour, but a
significant difference between the groups. It can thus be the case that only one of the Black clades differs from all
other groups.

The phylogenetic ANOVA reports a more significant effect of the ‘treatment’, but a less
significant difference between the blocks, than a regular ANOVA. This is to be expected
given the construction of the example (Figs. 3 and 4). If the replicates are dropped, the
power to test for an effect of the blocking factor decreases and the possibility to test for
an interaction effect is lost. Matched pairs comparisons (Meller and Birkhead, 1992; Wickman,
1992) and the Brunch-option in CAIC (Purvis and Rambaut, 1995) do not facilitate the testing of
differences between blocks.

Without pairing, the data are arranged in one large group having the character state Grey
to be compared with four clades having the character state Black (Clades A, C, E, and G).
This is how Grafen’s (1989) and Pagel’s (1998) GLS methods, Lindenfors and Tullberg’s (1998)
common origins test, and Garland and colleagues’ (1993) simulation approach use the data.
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The method of Garland et al. allows specification of alternative groupings, however, and in
principle even allows the pairing of clades, although this is not implemented in the PDAP
package (Garland er al, 1993). If the phylogenetic data are analysed without blocking, however,
Garland and colleagues’ test requires a further post-hoc test to determine which groups
differ from each other. A significant result can, for example, indicate that only one of the
Black clades differs from the others.

The method of Garland et al. (1993) works by producing null distributions of F-statistics
via computer simulations of evolution over a ‘known’ phylogenetic tree (the tree that is used
for hypothesis testing). For this example, the simulation approach is equivalent to lowering
the a-level where a difference is deemed significant from P =0.05 to P = 0.00007, decreasing
statistical power proportionally [though such a comparison only makes real sense when
comparing tests having the same Type | error rate (Martins and Garland, 1991; T. Garland, personal
communication)] .

The common origins test (Lindenfors and Tullberg, 1998) is not applicable for the given example.
This is because no reconstructed origin of the character state Grey exists in the phylogeny.
As the common origins test defines its groups from such origins, the group defined by the
character state Grey is ‘forbidden’.

In summary, the test presented here is to be preferred over matched pairs analyses
(Maller and Birkhead, 1992; Wickman, 1992) because it corrects for phylogeny throughout the test and
not only when determining what species to compare. It also adds to the possibilities
provided by the Brunch-option in CAIC (Purvis and Rambaut, 1995), as it facilitates testing
for grade shifts and — in rare cases — the inclusion of replicates. Furthermore, it performs
better than Grafen’s (1989) and Pagel’s (1998) GLS methods because it increases statistical
power through the use of blocking and because it has none of the problems of the GLS
approaches that accrue from using information outside the comparisons for hypothesis
testing as outlined in the Introduction. The phylogenetic ANOVA is a computational
alternative to Garland and colleagues’ (1993) simulation approach, but is indicated to have
higher power to detect evolutionary relationships — although this has to be validated
through proper comparisons on simulated data.

A REAL-WORLD EXAMPLE: SEXUAL SELECTION ON PRIMATE SIZE

To show the method’s utility using an example taken from the real world, I have chosen to
analyse the effects of sexual selection on haplorhine primate size. This is a well-researched
problem (e.g. Clutton-Brock and Harvey, 1977; Alexander et al., 1979; Gaulin and Sailer, 1984; Harvey and Harcourt, 1984;
Mitani ef al, 1996; Lindenfors and Tullberg, 1998) and the emerging result is clear: sexual selection
has resulted in an increased body size dimorphism in haplorhine primates [the claim of
causality is based on a result in Lindenfors and Tullberg (1998) establishing temporal order —
body size changes after transitions in mating system]. Phylogenetic analyses have further
revealed the increase in dimorphism to be the result of sexual selection causing an increase
in male body size, even though female size also increases, though to a lesser extent (Lindenfors
and Tullberg, 1998).

To analyse the issue of haplorhine dimorphism and sexual selection with the phylogenetic
ANOVA, the haplorhine section of the primate phylogeny by Purvis (1995) was used. This
phylogeny was made using a ‘super-tree’ technique, combining a large number of source
phylogenies based on both molecular and morphological data. Data on mating systems
were taken from Lindenfors and Tullberg (1998), while body weights were taken from Smith
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and Jungers (1997). Male and female body weights, as well as the ratio male/female weight,
were log;,-transformed before the analyses.

Mating system (uni-male, multi-male, and monogamous), used here as an indication of
the strength of sexual selection, was considered a three-state unordered character and
nodal values parsimoniously estimated (Swofford and Maddison, 1987) using MacClade (Maddison and
Maddison, 1992). Internal node values for body mass were estimated using Felsenstein’s (1985)
independent contrasts method, with branch lengths as given in Purvis (1995) and polytomies
set as being branches of zero length.

The trichotomous variable mating system introduces a special problem in that the
multi-male mating system indicates a higher degree of sexual selection than monogamy,
but a lower degree of sexual selection than the uni-male mating system. Thus, a group of
multi-male species used in a comparison is expected to be larger and more dimorphic than
a group of monogamous species, but smaller and less dimorphic than a group of uni-male
species. For this reason, all comparisons were recoded as being between two groups: ‘more’
or ‘less’ sexually selected (Lindenfors and Tullberg, 1998; Lindenfors er al, 2003), where multi-male
species therefore ended up in one of these groups depending on whether they were used in
comparisons with monogamous or uni-male species, respectively.

A total of 15 comparisons could be made in the phylogeny, as given in Appendix 2 in
Lindenfors and Tullberg (1998). Nested comparisons were handled as in any comparison-type
method; that is, once the comparison closest to the tips of the phylogeny has been made,
the included species are “removed” from the phylogeny to advance another comparison
towards the tips of the phylogeny, and so on (Purvis and Rambaut, 1995).

For two reasons the replicates level of the analysis was dropped: (1) the independent
factor interesting for hypothesis testing is mating system, while the blocking factor is of
lesser interest, and (2) the design is highly unbalanced. Note again, however, that because
the F-ratio for the ‘treatment’ term (mating system) is calculated using the interaction term
in the denominator — whether replicates are included or not [because the blocking factor is a
random factor (Quinn and Keough, 2002)] — the results for the effects of mating systems are the
same as if one were to include the replicates (see Table 8).

Table 8. Comparisons of results of different tests on the effects of sexual selection on haplorhine
primate body size and sexual size dimorphism

Male Female

Test Factor weight weight  Dimorphism
Phylogenetic ANOVA (without replication) Mating system 0.012 0.018 0.011
Comparison <0.001 <0.001 <0.001
Blocked mixed-model ANOVA (without Mating system 0.011 0.016 0.009
replication and phylogenetic corrections) Comparison <0.001 <0.001 0.012
Matched pairs comparisons (Meller and Mating system 0.011 0.016 0.009
Birkhead, 1992; Wickman, 1992)
Brunch in CAIC (Purvis and Rambaut, 1995)  Mating system 0.046 0.046 0.090

Note: The tests are mostly consistent regarding the results on the effects of mating system, differing somewhat only
in significance. A strong effect of the comparison level is also indicated (see text for discussion). Note that the
results for the matched pairs comparisons on the effects of differences in mating system are identical to those
observed using a species-level ANOVA.
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The results are in general consistent between the phylogenetic ANOVA and the three
comparable tests, but differ somewhat in significance, in that dimorphism, as well as male
and female body size, is larger in more sexually selected species. Note that the species level
ANOVA and the matched pairs analyses give the same results for the effect of sexual
selection. This is because these two tests utilize the data in the same way — that is, they
simply average species values belonging to each block in the comparisons. The two tests that
facilitate testing for grade-shifts — the phylogenetic ANOVA and a regular species-level
ANOVA - also show that there is a highly significant effect of the comparison level. This is
not surprising regarding body size evolution per se — primates vary in body size for a vast
number of other reasons than sexual selection.

It is more surprising, however, that sexual size dimorphism also shows a significant effect
of blocks. One possible conclusion based on this result is that dimorphism may vary for
reasons other than sexual selection. It has to be remembered, however, that comparisons in
this test differed in the starting point of sexual selection, in that some tests compared groups
of species where the ancestral reconstruction gave a multi-male mating system, whereas
others were made where the reconstructions instead indicated an ancestral monogamous
mating system. Thus the blocks level also contains some aspect of sexual selection. Also,
for some comparisons the ‘treatment’ was a switch to a mating system indicating more
sexual selection, while in others it was a switch towards less sexual selection.

Adding to this is the fact that even though mating system is a good indicator of the
strength of sexual selection, it is not a perfect measurement of it. The classification of
species according to differences in mating systems surely does not include everything
encompassed under the labels ‘more’ and ‘less’ sexual selection. Thus, even though mating
systems enable us to make confident statements on the effects of sexual selection on
haplorhine primates, it goes without saying that a more fine-grained measurement would be
preferred [e.g. operational sex-ratio (Mitani er al, 1996), harem size (Lindenfors et al., 2002)].
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